We investigated the effects of facing target-substrate distance (TSD) on the electrical, optical, structural and morphological properties of Al-GaZn-O (AGZO) films grown by linear facing target sputtering (LFTS) at room temperature to optimize the TSD. Although the optimal TSD for depositing an AGZO film was 3 cm, based on figure of merit values, a longer TSD prevents plasma damage of the AGZO films. The AGZO film sputtered under optimized conditions had a sheet resistance of 132 Ohm/square and an optical transmittance of 87.2%. Based on the electrical, optical, structural, and surface properties of AGZO films grown at different TSDs, we suggest a possible mechanism to explain the effects TSD on properties of hetero-sputtered AGZO films prepared by LFTS process. #
Introduction
Zinc oxide (ZnO)-based transparent conducting oxide (TCO) films have been extensively investigated to replace conventional Sn-doped In 2 O 3 (ITO) films due to relatively low material cost, low resistivity, and high transmittance of TCO films.
1-3) In particular, III element (B, Al, Ga, In)-doped ZnO films prepared by several physical and chemical vapor deposition methods had low resistivity [ð2{5Þ Â 10
À4 cm] and optical transmittance (82-85%) comparable to conventional ITO films. [4] [5] [6] [7] Of several growth techniques used to deposit ZnO-based TCO films, facing target sputtering (FTS) has attracted attention to sputter ZnO-based TCO films on soft materials, such as organic layers or flexible substrates, at low temperature without plasma damage. [8] [9] [10] [11] In a previous work, we suggested that a TCO layer could be sputtered directly onto an organic layer using FTS to create organic light emitting diodes (OLEDs) and organic photovoltaics (OPVs), because the high-density plasma, which damages the organic layer or soft substrates, is effectively confined between the facing targets. 8, 9) During FTS process, most charged electrons and ions spiral and oscillate between the two facing targets due to the negative voltages applied to both targets and the strong magnetic field between the targets. Thus, charged electrons and ions can be confined to a high-density magnetic field applied perpendicular to both target planes. 8) In addition, substrates located outside of the plasma region were less damaged by direct plasma irradiation in an FTS process. Applications of FTS include damage-free TCO films, such as ITO, Zn-doped In 2 O 3 (IZO), Sn, Zn co-doped In 2 O 3 (IZTO), and Al-doped ZnO (AZO) films for OLEDs and OPVs. 8, [12] [13] [14] [15] Most TCO films prepared by FTS, however, have been prepared using facing targets with identical elements and compositions. AZO or GZO films prepared by FTS have been prepared by identical AZO or GZO targets, though FTS could use two different facing targets. 15, 16) Although the characteristics of AZO or GZO films grown by FTS with the same targets have been well reported detailed, investigation of hetero facing target sputtered Al, Ga co-doped ZnO (AGZO) films using different AZO and GZO targets is lacking. Recently, AGZO films have been investigated as ZnO-based TCO films because they have characteristics of both AZO and GZO films. 17, 18) To optimize electrical and optical properties of a hetero facing target sputtered AGZO film, an exact understanding of the effects of facing target-substrate distance (TSD) on the properties of AGZO films grown by FTS is necessary. Although the substrate in the FTS process is not directly faced with sputter targets, unlike conventional DC/RF sputtering, optimization of TSD is important to minimize plasma damage in FTS process.
In this work, we comprehensively investigated the electrical, optical, structural and morphological properties of hetero facing target sputtered AGZO films as a function of TSD at room temperature. Based on the figure of merit values calculated from the sheet resistance and optical transmittance of AGZO films sputtered at different TSDs, we determined the optimal TSD for sputtering AGZO films on a glass substrate. The electrical, optical, surface, and structural properties of AGZO films were correlated with TSD during FTS process. Furthermore, we suggest a possible mechanism to explain how TSD affects the properties of AGZO films grown by the linear FTS process.
Experimental Procedure
Al and Ga co-doped ZnO (AGZO) films (200 nm thick) were sputtered onto glass substrates by a specially designed linear FTS system equipped with rotatable facing cathodes. Figure 1 (a) shows a schematic diagram of the linear FTS used to sputter AGZO films on glass substrates. The linear FTS system has a ladder-shaped magnet (Fe-Nd-B) array in the rectangular linear cathode to increase the magnet field and confine the plasma between the rectangular AZO and GZO targets. 14, 15) The ladder-type magnet arrays in the linear cathodes created uniform and strong magnetic fields between the AZO and GZO targets. As shown in Fig. 1(a) , the electrons and charged ions spiral and oscillate between the AZO and GZO targets due to negative voltage applied to the both targets. This oscillating motion creates high-density plasma between the AZO and GZO targets, which is confined by strong magnet fields. Figure 1(b) shows linear FTS cathode guns and high-density plasma effectively confined between the AZO and GZO targets due to the strong magnet fields and negative voltage of the targets. The facing cathodes in the linear FTS can be rotated toward the substrate to increase the sputtering rate. In linear FTS process for AGZO films, TSD and target-target distance (TTD) are important parameters, affecting the properties of plasma properties and AGZO film characteristics. Using commercial AZO (3 wt % Al-doped ZnO, Heesung Metal) and GZO (3 wt % Ga-doped ZnO, Advanced Nano Products) targets, AGZO films were sputtered in the linear FTS system, with the AZO and GZO targets parallel and facing each other at a TTD of 650 mm, as shown in Fig. 1(b) . At a constant Ar flow rate of 20 sccm, a working pressure of 0.3 mTorr and 250 W DC applied to the AZO and GZO targets, AGZO films were sputtered onto glass substrates as a function of TSD from 3 to 12 cm. AGZO films of identical thickness were created by adjusting sputtering time with increasing TSD. The AGZO film thickness was measured using a surface profiler (NANOMAP-LS). Electrical and optical properties of AGZO films were measured by Hall measurements (Accent Optical Technology HL5500PC) and a UV/ visible spectrometer (JASCO V-570), respectively, at room temperature as a function of the TSD. The dependence of AGZO film microstructures on TSD was evaluated by X-ray diffraction (XRD; Mac Science M18XHF-SRA). The grain size was calculated from the full-width at half-maximum (FWHM) of the diffraction line (002) for the AGZO using the Scherrer formula. The root-mean-square (RMS) roughness and topography of the AGZO films were analyzed by atomic force microscopy (AFM; PUCOStation STD). The composition of optimized AGZO films on glass substrates was measured by X-ray photoelectron spectroscopy (XPS) using an XPS-PHI 5200 with an Al K source in an ultrahigh vacuum system at a base pressure of $10 À10 Torr. Figure 2 shows the deposition rate of hetero target sputtered AGZO films on glass substrate with TSD increasing from 3 to 12 cm and a constant TTD (650 mm), Ar flow ratio (20 sccm), and working pressure (0.3 mTorr). To deposit AGZO a film, constant DC power of 250 W was simultaneously applied to the AZO and GZO targets. The deposition rate of AGZO films decreased monotonically with increasing TSD. At a TSD of 3 cm, the deposition rate of the AGZO film was 15.2 nm/min. However, the deposition rate decreased significantly to 1.7 nm/min at a TSD of 12 cm. The decreased deposition rate with increasing TSD during linear FTS process is similar to conventional DC/RF magnetron sputtering. In general, the deposition rate (R, cm/s) of sputtered film can be expressed as follows:
Results and Discussion
where D is the discharge power-density (W/cm 2 ), hxi is the mean distance sputtered atoms travel from the cathode before they become thermalized, g is the cathode-anode gap distance, is the atomic density (atoms/cm 3 ), e is the Townsend secondary-electron emission coefficient, and E is the average sputtering energy. The increased TSD in our experiment increases the value of g in Eq.
(1). The TSD during ITO sputtering affects the deposition rate because sputtered ITO atoms lose their energy due to scattering. 14, 20) The effect of TSD on deposition rate is more severe in the linear FTS process because sputtered atoms experience more severe scattering in high-density plasma. Therefore, reduced energy and increased scattering of sputtered AZO or GZO atoms with increasing TSD resulted in a decreased AGZO deposition rate in linear FTS. Figure 3 shows Hall measurement results of hetero target sputtered AGZO films with increasing TSD. The upper panel depicts the increased TSD during FTS for AGZO films. The arrow indicates the TSD, the distance between substrate and the top of the linear cathode. As seen in Fig. 3(a) , AGZO films grown at TSDs of 3 and 5 cm had similar sheet resistances and resistivity. However, further increasing the TSD above 7 cm increased sheet resistance and resistivity. Compared to AGZO films grown at a TSD of 3 cm, AGZO films grown at a TSD of 12 cm had higher resistivity (7:3 Â 10 À3 cm) and sheet resistance (368 /square). Therefore, a TSD of 5 cm is critical to obtaining AGZO films with low resistivity and sheet resistance. The change in resistivity of AGZO films with increasing TSD could be explained by changes in carrier mobility and concentration, as shown in Fig. 3(b) . As expected from resistivity, increasing the TSD during FTS decreased carrier mobility and concentration. In particular, increased TSD significantly decreased carrier mobility. In general, TCO film mobility is related to the film density because a more dense film has a lower defect density for electron scattering. Therefore, decreased mobility of AGZO films with increasing TSD indicates that the AGZO films grown at longer TSDs had lower film densities due to the low energy of sputtered atoms. Sputtered AZO and GZO atoms at longer TSDs have lower energy because the atoms lose their energy due to severe scattering before arriving at the substrate. To correlate AGZO film mobility and TSD, we calculated the mean free path (l) of carrier in AGZO films with increasing TSD using the following equation:
where h ¼ h=2, h is Planck's constant, is the resistivity, n is the carrier concentration, and e is the electron charge.
Calculated l values for AGZO films were summarized in Table I . Figure 4 shows the mean free path of electrons in the AGZO film calculated from the resistivity and carrier concentration. The l of AGZO films decreased with increasing TSD. AGZO films grown at a TSD less than 3 cm had the longest l (0.77 nm), which was much smaller than the grain size of AGZO films as measured by XRD. AGZO film grown at a TSD of 12 cm had the shortest l (0.21 nm). These results indicate that the effects of scattering at the grain boundaries and dislocations can be ignored. Therefore, electron mobility in AGZO films is closely related to scattering of neutral and ionized impurities in AGZO films, as discussed by Parthiban et al. 22) Figure 5(a) shows the optical transmittance of hetero target sputtered AGZO films as a function of TSD with the upper panels showing the transparency of AGZO films grown on glass substrates. All AGZO films showed fairly high optical transmittance in the visible wavelength region, which is comparable to ITO films.
11) The AGZO film grown at a TSD of 3 cm had the highest average transmittance between 400 and 800 nm. At 550 nm, however, all AGZO films had similarly high optical transmittance values. Unlike the AGZO film grown at TSD of 3 cm, AGZO films grown at TSDs greater than 5 cm had increased transmittance between 370 and 420 nm. To choose the optimum TSD for sputtering AGZO films, Haack suggested the figure of merit value, TC ¼ T 10 =R sh , which was calculated using the sheet resistance (R sh ) and average transmittance (T ) of the AGZO films. 23) Figure 5 (b) shows the calculated TC value of hetero target sputtered AGZO films as a function of TSD. Although all AGZO samples had similar average transmittance values, regardless of the TSD, the TC value of AGZO film was critically affected by TSD due to differences in R sh . Although AGZO films grown at a TSD of 3 cm showed the highest TC (19:2 Â 10 À4 À1 ), a longer TSD is desirable to reduce plasma damage during AGZO sputtering on organic layers or flexible substrates. Therefore, further TSD optimi-TSD 3 cm zation is necessary based on performance of devices such as OLEDs, LEDs, or OPVs. Figure 6 shows XRD plots of hetero target sputtered AGZO films as a function of TSD. Regardless of TSD, all hetero target sputtered AGZO films grown on glass had only a strong (002) peak at 2 ¼ 34:36
. As TSD increased, the intensity of the (002) peak decreased due to the decreased energy of sputtered atoms arriving at substrate. The AGZO film prepared by linear FTS had a strong (002) preferred orientation, unlike conventional DC-or RF-sputtered AZO or GZO films. AZO or GZO films grown by DC or RF sputtering at low substrate temperature had a polycrystalline structure with (002) and (101) preferred orientations because the sputtered atoms arrived at the substrate with high energy. However, the FTS-grown AGZO films had only the (002) orientation, even though sputtered AZO and GZO atoms arrived at the substrate after severe scattering in the highdensity plasma region. Using the Scherrer formula, we calculated the grain size of the AGZO films:
where D is the grain size of the AGZO films, is the wavelength of the X-rays (Cu K 1.54056 A), is the broadening of the diffraction line measured at half its maximum intensity in radians (FWHM), and is the diffractive angle. 24) The grain size of AGZO films was influenced by TSD during linear FTS process. At TSDs less than 5 cm, AGZO films had similar grain sizes (34.64-34.65 nm). At TSDs longer than 7 cm, AGZO films had decreased grain sizes due to decreased sputtered atom energy. Therefore, the crystallinity of hetero-sputtered AGZO films was closely related to the resistivity and sheet resistance of AGZO films. Based on electrical, optical, structural, and surface properties of the AGZO films, we suggest a possible mechanism to explain the effects of TSD on linear FTS. As shown in Fig. 1 , sputtered AZO and GZO atoms severely collide with each other in the confined plasma region. Due to severe collisions, sputtered AZO and GZO atoms lose their initial energy before arriving at the substrate. Therefore, the TSD in linear FTS could be divided into a thermalization region near the facing cathodes and a diffusion region. In the thermalization region, condensation of sputtered or scattered AZO and GZO atoms with fairly high energy formed a denser AGZO film, which resulted in fairly low resistivity. Therefore, the AGZO films had fairly low resistivity and high mobility because they had good crystallinity, as shown in XRD results. However, above the thermalization distance (TSD of 5 cm), AGZO films were formed by condensation of diffused atoms with low energy. Thus, these films had decreased film density and high resistivity. Therefore, TSD affected the characteristics of hetero-sputtered AGZO films in linear FTS.
Conclusions
We investigated the effects of target-substrate distance (TSD) on the electrical, optical, and structural properties of AlGaZnO (AGZO) films grown on glass substrates using linear FTS at room temperature. The resistivity of AGZO films critically depended on the TSD because AGZO film density is mainly affected by the TSD. Based on figure of merit values, the optimized TSD for depositing an AGZO film is 3 cm. Under optimal conditions, AGZO films had a sheet resistance of 132 Ohm/cm and an optical transmittance of 87.2%. We correlated AGZO film characteristics with TSD and suggested a possible mechanism to explain the increase in AGZO film resistivity with increasing TSD. Therefore, an appropriate TSD in LFTS process is critical to obtaining high-quality AGZO films. 
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